A coal burst mitigation strategy for tailgate in mining of deep inclined longwall panels with top coal caving at Huafeng Coal Mine is presented in this paper. Field data showed that coal bursts, rib sloughing or slabbing, large convergence, and so forth frequently occurred within the tailgate entries during development and panel retreating employing standard longwall top coal caving (LTCC) layout which resulted in fatal injuries and tremendous profit loss. The contributing factors leading to coal bursts were analyzed. Laboratory tests, in situ measurement, and field observation demonstrate that the intrinsic bursting proneness of the coal seam and immediate roof stratum, deep cover, overlying ultrathick (500-800 m) conglomerate strata, faults, and, most importantly, improper panel layout led to coal bursts. By employing a new strategy, that is, longwall mining with split-level gateroads (LMSG), gateroads on either end of a LMSG panel are located at different levels within a coal seam, adjacent LMSG panels overlap end to end, and the tailgate of the adjacent new LMSG panel can be located below the headgate entry of the previous LMSG panel or may be offset horizontally with respect to it. Numerical modeling was carried out to investigate the stress distribution and yield zone development within surrounding rock mass which was validated by field investigation. The results indicate that standard LTCC system gave rise to high ground pressure around tailgate entries next to the gob, while LMSG tailgate entry below the gob edge was in a destressed environment. Therefore, coal bursts are significantly mitigated. Field practice of LMSG at Huafeng Coal Mine demonstrates how the new strategy effectively dealt with coal burst problems in mining of deep inclined longwall panels with a reduced incidence of ground control problems. The new strategy can potentially be applied in similar settings.
Introduction
Coal bursts, a common dynamic disaster often accompanied with sudden, quick, and violent ejection of coal or rock during exploitation of coal seams, often happen in complex ways under special conditions [1] . They are almost always accompanied by a loud noise, like an explosion, and ground vibration [2] . They result in injury if a miner is in the vicinity. Bursts in longwall mining have occurred mostly in gate pillars, in tailgates next to the gob, especially at the corner of the longwall face, and, to a lesser extent, in the longwall faces [2, 3] . After the extraction of the first panel, as the second panel retreated, "bounces" consisting of sudden forceful vibrations became increasingly common on the tailgate end of the panel. Typical pressure bursts frequently occur while the tailgate corner of the face is being cut by a longwall shearer. These locations directly affected by mining activity are subject to very high stresses. Pillar design is the primary engineering control for minimizing the risk of pillar failure and coal bursts during retreat mining. Mining engineers endeavor to avoid "critical" pillars which are too large to yield nonviolently yet too small to support large abutment loads. The width-to-height ratios of such burst-prone, critical pillars normally exceeded 4 or 5 [4] . Many researchers proposed gob-side entry approaches to solve the ground control problems that occurred in gateroad associated with high abutment loading [5] [6] [7] [8] [9] [10] [11] . Gob-side entry is a combination of gateroad, pillar, and gob, which is a typical panel layout with slender pillar or artificial pillar or wall. Generally, there are two types of gob-side entry: (i) gob-side entry of the previous panel retained for the new panel, where constructing an artificial wall along the gob edge is usually required, and (ii) entry driven along gob side by leaving a slender pillar.
Stability and load bearing characteristics of the slender pillar depend on several factors including mechanical properties of the roof strata, cover depth, and panel geometry. Yan et al. [12] indicated that the bearing capacity of the slender pillar would decrease because both edges of the pillar will fracture. Due to the effect of abutment pressure movement of panel advance, the pillar next to the gob edge would experience serious deformation and fractures. The difficulty in keeping the stability of gob-side entry will increase with the main roof fracturing. Therefore, the slender coal pillar is still subjected to the loading resulting from the fractured main roof as shown in Figure 2 . Obviously, determining the optimum width of the slender pillar is a challenge due to the complex dynamic loading during its service life [13] . Although supplementary supports, that is, ladder beam, counter pulled bolts, and pipe umbrella, are good choices for ground control, they will lead to higher production cost.
In addition to gate pillar design, the commonly used destressing methods include drilling, blasting, and water infusion [2] . From the viewpoint of panel layout, this paper presents a new strategy for mitigating rock bursts during the deep mining of inclined longwall panels. The geological and geotechnical settings and mining conditions and circumstances leading up to coal burst events at Huafeng Coal Mine (HCM) were first analyzed. Numerical modeling, incorporating a double-yield model for gob model and calibrated parameters, was then carried out. Panel layouts employing CLTCC and a new strategy were numerically investigated to study the stress and yield zones distribution which was then verified by field observation. Conclusions are drawn in the end according to the study of the paper. The successful experience of the new strategy at HCM can potentially be applied in similar settings.
Case Study

Geological Settings.
Huafeng Coal Mine (HCM) is located in Tai'an City, Shandong Province, China (Figure 3 ). The coal seam being mined is #4 coal seam. Its average thickness and dip angle were 6.2 m and 32 ∘ , respectively. The lithological characteristics of #4 coal seam for 1410 and 1411 panels are shown in Figure 4 . The immediate roof is siltstone with 2.5 m thickness, and the main roof is fine sandstone with 9.2 m thickness. The immediate floor is siltstone with a thickness of 1.7 m, and the main floor is medium sandstone with a thickness of 4.2 m. #4 coal seam is relatively simple; nearly no dirt bands or partings were observed. The buried depth of the two panels varies from 840 to 1000 m. It is 140 m in the dip direction and 2190 m in the strike direction. Due to the dip cover, the at-rest pressure coefficient of in situ stress field is near 1. The major tectonic structures for the panels are simple. Three minor faults were revealed during the excavation of 1411 tailgate. One normal fault was discovered near the setup room; the dip angle is 60 ∘ ; fault throw is 2.4 m, which has an impact on retreating, so the setup room is located 20 m away from the fault. Two minor faults were found during the excavation of 1411 headgate. One is normal fault with only 0.7 m offset. The other one is adverse fault with a fault throw of 1.0 m. Therefore, these minor faults were not likely to have significant influence on rock bursts. Fully mechanized conventional longwall top coal caving (CLTCC) method was used. The cutting height and top coal thickness were 2.4 m and 3.8 m, respectively. The cutting thickness was 0.6 m. The original longwall panel layout design is shown in Figure 5 . HCM is one of the typical coal mines experiencing severe coal burst risk due to its large mining depth. The mining depth of many coal mines in China, facing similar problems, has reached more than 1000 m [14, 15] . From 1990 to 2006, HCM experienced over 100 coal bursts [16] . The major coal burst records are listed in Table 1 .
Contributing Factors for Coal Bursts.
As coal bursts frequently occur at HCM, laboratory tests were conducted on samples of #4 coal seam and roof to investigate the intrinsic factor contributing to the occurrence of coal bursts [17] . The coal burst liability widely used in China as a standard includes the uniaxial compressive strength ( ), elastic strain energy index ( ), bursting energy index ( ), and dynamic failure duration ( ). The classifications according to the Chinese standard [18, 19] are listed in Table 2 . The indexes were measured through coal samples obtained from the 1410 and 1411 panels. These four indexes are all determined by uniaxial compression tests and can be calculated easily. The two indexes and are good choices to evaluate this intrinsic proneness. For the indexes and , focuses on the capacity of rock to absorb the external inputs of energy before it achieves peak strength, and considers the accumulated elastic energy before peak strength and the released energy after the peak strength is achieved. These two indexes can determine the ability of energy accumulating and energy releasing. Although some drawbacks exist, these indexes now play an important role in evaluating the risk of rock burst in coal seams. In general, they reflect the intrinsic burst proneness and assess the energy accumulation capacity of coal [18, 19] . The test results are listed in Table 3 . The test results show that coal seam has high bursting liability and the immediate roof has medium bursting liability.
In addition to intrinsic contributing factors, burst-prone geology is an external contributing factor that may triggers coal bursts. One important external factor was deep cover [3] . of 50 MPa. In addition, the in situ stress measurement showed that the maximum horizontal stress was 33-42 MPa, which is bigger than the uniaxial compressive strength of coal seam. Other factors were overlying ultrathick claystone strata (120-190 m) and conglomerate strata (500-750 m). With the extraction of coal seam, overhanging of these strata above the coal seam or interblock and bridging of blocks of the competent strata led to an increase in abutment stresses within the rock mass around the mined-out area. When these strata fractured, rotated, and caved in, dynamic loading was brought about and bursting risk increased correspondingly. What is more, discontinuous or stepped subsidence occurred due to the fracture of ultrathick strata, which was corroborated by field observation as shown in Figure 6 , and the corresponding mechanism is illustrated in Figure 7 . Limit line is the line connecting panel boundary and the cracks that occurred on the ground surface.
Faults are also a factor that led to coal bursts as sliding of rock mass on two sides of a fault may cause sudden release of a large amount of energy [20] . A fault was encountered when Despite these factors, the most significant one was improper panel layout [21] . In the past, the coal mine used CLTCC with a gate pillar of 20 m between adjacent CLTCC panels. This system led to severe stress concentration on gate pillar [22, 23] . Tailgates next to the gob, in particular, were subject to very high side abutment load and majority of coal bursts occurred in tailgates during both development and panel retreating [24] . As we can see from Table 1 , almost all major coal bursts occurred within the tailgate. If other factors are key factors, the headgate should have experienced severe coal burst problems as well. This corroborates the statement that CLTCC panel layout is the most significant factor. 0-80 m ahead of working face in tailgates and at the corner of the longwall face underwent superposition of front and side abutment loads; damage at these locations resulting from bursts was therefore the most serious as shown in Figure 8 .
Laboratory tests, in situ measurements, and field observation indicated that the past panel layout was not suitable for burst prevention. As stated earlier, the improper layout is the most significant controlling factor since it has been reflected through the major coal bursts that occurred at HCM in the past as listed in Table 1 , while no coal bursts occurred after the new strategy was employed, which corroborates the statement that layout in the past is improper. A more rational panel layout is a must.
Overview of the New Strategy: Longwall Mining with Split-Level Gateroads (LMSG).
After extraction of 1409 panel, the new strategy, that is, longwall mining with split-level gateroads (LMSG), was employed for subsequent panels at HCM. LMSG is a longwall mining layout approach that was proposed first by China University of Mining and Technology (CUMTB) [8, 18, 19] . LMSG locates gateroads on either end of a panel at different heights within a coal seam so that adjacent panels overlap end to end and the tailgate of the adjacent next panel can be located below the headgate entry of the previous panel or may be offset horizontally with respect to it. Figure 9 shows a typical two-entry LMSG layout. The tailgate is driven right above the floor level while the headgate is driven right below the roof with gradually transforming section on one end of the panel. This part is transformed incrementally by adjusting the inclination of each section of the armored face conveyor (AFC), shields, and other production machines. The length of each AFC section is typically 1.5 m and change of inclination of each AFC with respect to the adjoining ones is less than 3 ∘ . Figure 10 shows 3D views of shield layout for one LMSG panel. A small pillar with a triangular x-section is left unmined between adjacent LMSG panels. And operation units in LMSG are also different from conventional systems which are discussed in detail by and Wang (2018) .
LMSG was adopted at HCM in 2006 to deal with coal bursts which also increased stability of mining equipment at working face and coal recovery. The panel layout is shown in Figure 11 .
Numerical Modeling
Model Development and Simulation
Steps. To investigate the stress distribution and yield zone development within surrounding rock mass, numerical modeling using FLAC3D code was first carried out. Figure 12 shows FLAC3D model developed based on Figures 4 and 11 without excessive complexity and computational burden. The dimension of the model was 500 m × 300 m × 400 m. A significant distance to the lateral boundaries and the bottom boundary was also required to minimize model boundary effects. Model zone sizes were graded from small around material boundaries to large at the center of a material domain. Suitably fine zone resolution in the vicinity of coal seam unit and gateroads was generated for accurate prediction of progressive yielding and deformation. A uniform stress of 17.5 MPa was applied to the top of the model corresponding to 700 m of overburden strata by assuming the overlying unit weight was 0.025 MN/m 3 and gravity force was applied [25] . The side boundaries were roller-constrained and the bottom boundary was fixed both horizontally and vertically. Based on premining stress Shock and Vibration measurements in the mine, a ratio of horizontal to vertical stresses ( ) of 1.8 in both the model's in-plane and out-ofplane directions was input. In addition, discontinuous model interfaces, representing bedding planes, capable of yielding and separating, were built into the model at the contact of each stratum using FLAC interface logic. The methods and parameters proposed by Wang et al. [26] 
Development of Rock Mass Engineering
Parameters. Constitutive model and parameters used in numerical modeling have significant influences on the reliability of simulation results. The widely used Generalized Hoek-Brown (GHB) failure criterion was adopted for simulation in this paper [27] . The rock mass engineering parameters were developed based on laboratory test and estimated GSI values; RocData software was used to assess the effect of engineering properties on failure behavior [28] . The GHB rock mass engineering properties used for numerical modeling are given in Table 4 . Caved rock fragments are compacted until an equilibrium is reached when no roof strata subsidence occurs. During the gob consolidation process, the stress-strain behavior of gob satisfies Salamon's equation [29] which was proved by laboratory test performed by Pappas and Mark [30] . With the consolidation of gob, the load borne by the gob increases with the reduction of abutment load acting on surrounding rock mass correspondingly [31, 32] . Therefore, gob response should be taken into account in numerical analysis. Built-in double-yield constitutive model in FLAC 3D was used to simulate the gob in this study [33] (refer to Zhang et al. [34] for further details).
Cap pressure [33] for double-yield model is estimated by Salamon's equation which is expressed by
where is the stress applied to the gob materials, is the volumetric strain under the applied stress, 0 is the initial tangential modulus, is the maximum volumetric strain, and [31] 
where is the compressive strength of the rock pieces, is the bulking factor, and [35] = + ,
Shock and Vibration where is the height of caved zone and is the mining height.
According to cross-measure drill holes during mining of 1409 panel, the height of the caved zone was about 25.6 m above the coal seam reaching 9.5 m thick siltstone stratum. Hence, the bulking factor, maximum strain, and the initial modulus of the gob materials can be calculated as 1.242, 0.195 m/m, and 67.7 MPa, respectively. Cap pressure for the double-yield model is given in Table 5 and is expressed by = 67.7 1 − 5.13 .
In order to obtain the parameters for gob and make sure that the stress-strain relationship agrees with (4), a simple model with dimensions 1 m (length) × 1 m (width) × 2 m (height) was built (in order to display stress and strain contours). Loading was simulated by applying a velocity on the top surface with bottom surface fixed vertically and four side surfaces fixed horizontally. The input parameters were fitted by iterative changes in the bulk and shear modulus, angle of dilation, angle of friction, and density of gob material. By trial and error, the final properties are given in Table 6 . The volumetric strain, vertical stress contours, and stress-strain matching curves are given in Figure 13 . This shows that numerically obtained data agrees very well with Salamon's equation.
Validation for the Obtained Parameters.
The results were compared with field observation to validate the reliability of the parameters. As discussed earlier, the pressures distributed within rock mass and gob interacted, and the increase of gob pressure results in the reduction of abutment stress. Therefore, the reliability of the parameters that determine numerical modeling output can be validated against the measurement data of abutment pressure.
The premining stress was approximately 21 MPa because 1410 tailgate was 840 m deep. The measured data was obtained through stress meters (a total of five) installed in stressmonitoring boreholes in 1410 tailgate surrounding rock mass including gate pillar and 1410 panel rib. For field monitoring data, the stress-monitoring station was installed 500 m behind 1409 working face where strata movement had ceased and stress distribution within surrounding rock mass became stable. Figure 14 shows a comparison between the measured and simulated side abutment pressures in stage IV. Simulated result was in close agreement with the field measurement data. The input parameters were therefore validated.
Summary of Modeling Results.
The modeling results and field measurement data (Figure 14) indicated that the maximum side abutment stress reached 42 MPa, resulting in adverse stress environment for 1410 tailgate, and coal burst risk was very high. Modeling results of the key stages, that is, stage III and stage IV, are given in Figures 15 and 16 . Figure 15 shows that the limit line was coincident with the field observation ( Figure 6 ). Field observation demonstrated that the angles formed by limit line and the coal seam Figure 13 : The volumetric strain, vertical stress contours, and stress-strain matching curves. ∘ which agreed very well with field observation. This also confirms the reliability of the parameters used in the simulation.
After extraction of 1410 panel, although the remaining gate pillar was in yield state, the stress was still very high with maximum value of 45.5 MPa, higher than 42 MPa before extraction. The abutment stress of 1411 panel was about 39 MPa. However, 1411 tailgate was located below the 1410 gob where it was destressed, and the abutment load did not influence 1411 tailgate. This shows that the stress around the 1411 tailgate is much lower than premining stress, and the stress concentration is to the right of the 1411 tailgate and within the solid coal ahead of the working face of the active panel. Therefore, 1411 tailgate is subjected to little influence of front and side abutment loads. As Li (2016) noted, LMSG reduces the static stress within the coal-rock mass surrounding the 1411 tailgate and attenuates dynamic stresses transmitted to the tailgate which is favorable to rock burst control for the tailgate.
Field Measurement
As the roof of 1411 tailgate was 2 m thick coal that was sort of yielded and cracked, it would be inappropriate to use bolts for roof support. Therefore, No. 36 U-type yielding steel members spaced at 1000 mm were adopted for global support of 1411 tailgate accompanied with wire mesh on the top and bolts for rib reinforcement. Grouting or a thin shotcrete layer was also supplemented to overcome air-leakage disadvantage of the tailgate [8, 9] . Figure 17 is the 1411 tailgate profile ahead of longwall face using such measure. In some cases employing LMSG, geosynthetic materials (such as membranes which are 2-3 RMB/m 2 ) were used to isolate the tailgate from the gob. During the panel retreat, no seismic events larger than 1.5 magnitude or bursts were recorded.
The deformation of tailgates of the 1410 and 1411 panels was monitored during gate driving and panel retreat. The convergence of the tailgates was monitored using crossmonitoring method and a flexible tape as shown in Figure 18 [10]. Differences of "AB" and "CD" with respect to their initial values represented rib-to-rib convergence and roofto-floor convergence, respectively. The data obtained are plotted in Figure 19 . The result shows that convergence of 1411 tailgate is much smaller than that of 1410 tailgate. The roof-to-floor and rib-to-rib convergences of 1410 tailgate were 172 mm and 92 mm, respectively, while those of 1411 tailgate were only 113 mm and 69 mm. During panel retreating, the convergences of the tailgate were still increasing far ahead of the working face with respect to the convergences after 90 days of development of the tailgates. However, the convergence of 1411 tailgate close to the working face did not increase much compared with that of 1410 tailgate. This demonstrated that LMSG dealt with not only coal bursts, but also large deformation problems in conventional mining layout with reduction of other ground control problems. Field measurement results confirmed the effectiveness of LMSG layout approach and the corresponding support system.
Conclusions
This paper has presented a coal burst mitigation strategy, that is, longwall mining with split-level gateroads (LMSG) for gateroad during deep mining of deep inclined longwall panels at HCM. Gateroads on either end of a LMSG panel are located at different heights within a coal seam, adjacent LMSG panels overlap end to end, and the tailgate of the adjacent next LMSG panel can be located below the headgate entry of the previous LMSG panel or may be offset horizontally with respect to it.
Laboratory tests, in situ measurement, and field observation demonstrated that the coal burst liability of the coal seam and immediate roof stratum, deep cover, overlying ultrathick (500-800 m) conglomerate strata, faults, and, most importantly, improper panel layout are contributing factors leading to coal bursts. The numerical modeling results indicated that standard LTCC system gave rise to high ground pressure for the tailgate entries next to the gob, while LMSG tailgate entry below the gob edge was in a destressed environment and coal bursts are significantly mitigated. Field monitoring of LMSG at HCM demonstrates that LMSG effectively dealt with coal burst problems during mining of deep inclined longwall panels with reduced incidence of ground control problems, and sliding of mining equipment downhill was significantly reduced along with increased recovery. The technology has the potential to be utilized in other coal mines all over the world with similar geologic conditions.
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